Every now and then the cultural paradigm of a society changes. While current models of cultural shifts usually require a major exogenous or endogenous change, we propose that the mechanism underlying many paradigm shifts may just be an emergent feature of the inherent congruence among different cultural traits. We implement this idea through a population dynamics model in which individuals are defined by a vector of cultural traits that changes mainly through cultural contagion, biased by a 'cultural fitness' landscape, between contemporary individuals. Cultural traits reinforce or hinder each other (through a form of cultural epistasis) to prevent cognitive dissonance. Our main result is that abrupt paradigm shifts occur, in response to weak changes in the landscape, only in the presence of epistasis between cultural traits, and regardless of whether horizontal transmission is biased by homophily. A relevant consequence of this dynamics is the irreversible nature of paradigm shifts: the old paradigm cannot be restored even if the external changes are undone. Our model puts the phenomenon of paradigm shifts in cultural evolution in the same category as catastrophic shifts in ecology or phase transitions in physics, where minute causes lead to major collective changes.
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brings about effects in other aspects of the individuals' personal lives [24] . Other examples of interaction between cultural traits are the correlation between right-wing authoritarianism belief and low openness to experience [25] , religious beliefs and health practices [26] , or animal ethical profiles and diet choices [27] . In the examples above, the consistency of the overall cultural state entails that either both or none of the traits are present with higher likelihood. This correlation between traits can be cast as a form of epistasis known as reciprocal sign epistasis, which is a necessary condition for a multi-peaked fitness landscape [28] . Also, incompatibilities between traits that lead to zero-fitness states yield qualitatively equivalent landscapes.
In this work, we introduce a population dynamics model that implements common mechanisms of cultural transmission [16, 17, 29, 30] . The model has the novelty of incorporating a microscopic mechanism of trait interaction (cultural epistasis) and imperceptible variations in the social value of cultural states. The results reveal that, indeed, cultural epistasis may underlie many paradigm shifts that are difficult to explain otherwise, since no major exogenous or endogenous changes were involved in their emergence. In the light of these results, we interpret these paradigm shifts as emergent features of the tension between the different cultural traits shared by a population-thus bringing the phenomenon to the realm of phase transitions and critical phenomena.
Model

Definition and notation
The culture of an individual, defined as the information acquired from other individuals via social transmission [5] is defined by a set of beliefs, attitudes, preferences, knowledge, skills, customs and norms. In an abstract model of culture, every individual can be represented by an array of cultural attributes, each having one out of a set of possible values [31] . To keep things simple we will assume that each of these attributes can be determined by a yes/no question (e.g. 'are you a Christian?', 'do you like jogging?', 'do you eat chocolate?', 'do you speak English?') and so it can take only two values-say 0 or 1. Thus, cultural states are vectors s = (s 1 , …, s n ), with s i ∈ {0, 1}. Distance between cultural states s and s 0 will be measured as the number of different attributes (Hamming distance) and denoted d H (s, s 0 ).
At a given time t ⩾ 0, the fraction of the population in cultural state s will be denoted x(s, t). Population will be assumed very large and constant-so that demographic fluctuations are negligible.
For later convenience, we will sometimes denote s = (s i , s −i ), separating the s i component out of vector s and gathering the remaining n − 1 components in s −i . Also, we will use the short-hand s i ¼ 1 À s i .
Rather than assuming an intrinsic adaptive value to the different attributes of a cultural vector-as it is often assumed in models of cultural evolution [16,17]-we will assign a fitness F(s) to the whole cultural state s. Here, fitness is understood as a measure of the internal consistency of the set of cultural attributes forming that state, which eventually determines how 'happy' an individual is in cultural state s and how prone she is to adopt alternative traits-the higher the fitness, the more reluctance to change. From a psychological perspective, a low fitness can be associated with the cognitive dissonance caused by the coexistence of conflicting traits in the cultural state of one individual [32] .
Fitness landscapes, epistasis and environmental changes
In a realistic fitness landscape, the nature and strength of interactions between cultural traits will depend on which specific traits are involved. In the absence of specific data in this respect, the simplest approach is analogous to that used in models of biological evolution to obtain (rough) epistatic landscapes. Specifically, we will use Kauffman's NK landscape [33] (see below for details). This model has two parameters: the number of traits n, and the degree of epistasis k. If k = 0, traits contribute additively and independently to fitness. If k > 0, changing a trait affects the contribution of other k traits to the fitness.
Incompatibilities among traits-e.g. risk-averse people do not practise paragliding-lead to zerofitness states. Since by construction the NK model yields F(s) > 0 for any s, following [20] we have introduced a small change in the construction of F(s) to account for incompatibilities. We define a threshold value f th and redefine
Accordingly, all cultural states for which F(s) ⩽ f th have zero fitness: no individual bears such a combination of traits. Paradigm shifts occur as a response to parsimonious 'environmental' change. External influences may change the epistatic interaction between the different traits, leading to a modification of the fitness landscape, and where the region of overall higher fitness is displaced [34] , see also the representation in figure 1. Imperceptible-but also unavoidable-exogenous changes are implemented by constructing two different landscapes, F 0 (s) and F 1 (s) (for example, generating two independent samples of an NK landscape with the same parameters, see below), and then defining the fitness landscape as the convex combination F τ (s) = τF 1 (s) + (1 − τ)F 0 (s). As τ varies from 0 to 1, F τ (s) varies continuously from F 0 (s) to F 1 (s). Figure 1a ,c shows two examples of variations in the fitness of each node in the landscape for k = 1 and k = 5, respectively. Note that fitness varies parsimoniously at each node, as implied by the linear interpolation above.
Kauffman's NK landscape
In Kauffman's NK landscape, the fitness corresponding to the vector s is calculated as
where
. . , n, stand for n different functions of k + 1 Boolean variables each. The 2 k+1 values that each of these functions can take are picked randomly from a uniform distribution. When k = 0 each attribute makes an additive contribution to the fitness (no epistasis). When k = n the model defines a random landscape (maximal epistasis). That definition of fitness includes reciprocal sign epistasis, which generates multi-peaked landscapes with more than one maximum. With the exception of the example depicted in figure 1 , the parameter τ defining the intermediate fitness landscapes F τ (s) varies between 0 and 1 in steps of ε = 0.01.
Dynamics
Cultural transmission in this model will be assumed horizontal ( peer-to-peer). The mechanisms through which horizontal transmission occurs have been much debated. A common assumption is homophily, that is, the more similar our peers, the more they influence us [31, 35] . However, it seems that some attributes (e.g. religion, political beliefs, social status [35] ) are more prominent than others when we seek for similarities with someone. For instance, links in the blogosphere are made almost exclusively between blogs of the same political sign [36] , even though their authors may differ in many other cultural traits. On the other hand, some of the strongest cultural influences we may receive come from books, whose authors may be entirely unknown to us except for those features revealed by the arguments they deploy. Often we change our mind about some issue after a discussion with other people-which sometimes we only witness, as in the case of TV debates-on that specific topic. What is important about these interactions is that we are more prone to change one cultural trait if the cultural state we end up with is globally more coherent-more capable to cope with reality-and has therefore a higher fitness.
For all these reasons, we will assume a simple dynamics in which individuals meet in pairs and put a random cultural attribute at stake. These meetings may be biased by homophily. If both individuals disagree in that attribute either of them can change her trait according to the difference between her current fitness and the fitness of her cultural state after the change. The probability that someone with cultural state s 0 adopts cultural state s will be modelled as
allows us to tune how sharp it goes from 0 to 1 as x crosses 1 by selecting an appropriate β > 0. A large value of β makes G(x) % 1 for almost all x > 1 (i.e. F(s) > F(s 0 )), and a smaller value of β makes G(x)
smoother, showing some reluctance to change even though x > 1, but also giving some probability of changing even if x < 1. Thus, β measures individuals' discomfort towards cognitive dissonances-the larger β the more prone they are to adopt traits that increase internal consistency relieving cognitive dissonances. The fact that G is a function of the fitness ratio allows us to normalize all fitness values without losing generality. So fitness will be forced to be 0 ⩽ F(s) ⩽ 1 for all s ∈ {0, 1} n .
Changes through meetings will, therefore, occur at a rate
where λx(s 0 , t)x(s, t) is the rate of pairwise meetings and
In this function, the factor d H (s 0 , s)/n is the probability that the two individuals differ in a randomly chosen attribute, whereas
α weights the influence of homophily-the more so the larger α. The last numerical factor is there to ensure that the largest value of W(s 0 , s), as a
. Larger values of α therefore put the most influential people-here understood as the individuals most able to produce a change of trait upon an encounter-at smaller Hamming distances. In other words, increasing α favours homophily.
On top of that we also introduce the possibility of spontaneous changes of mind in single traits. Their rate will be
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The last factor in this expression introduces bias in the adoption of new traits: in general, only those traits that increase fitness will have a chance to spread. Overall, R i (s 0 → s, t) implements the concept of guided variation, whereby individuals try to improve their fitness through trial and error by tinkering with the traits they have inherited [17] . With these elements, the dynamic equation that balances the flux of individuals in and out of a cultural state s is
Internal sums run over all choices of z −i ∈ {0, 1}
n−1
. The interaction dynamics that this equation reflects assumes two things: first, that every two individuals have the same chance to meet (well-mixed population), and second, that at every encounter only one trait is susceptible to change-the other ones being irrelevant. As a result, the cultural state of an individual can only experience gradual changes, one trait at a time. Since the number of different traits remains constant along the process, our model does not include innovation in the sense of enlarging the cultural repertoire, as most models assume [11] [12] [13] .
To illustrate the response of the population evolving under the dynamics just described to parsimonious environmental changes, we represent in figure 1b,d the variation in the cultural states of a population subjected to the landscapes depicted in figure 1a,c. In that figure, we have varied τ in steps of ε = 0.1 for illustrative purposes. From here onward, the parameter τ is assumed to change very slowly with time-so much so that the system has enough time to reach the steady state before τ changes appreciably. On the other hand, trait incompatibilities are assumed to be independent of environmental changes, so in the model with f th > 0, all zero-fitness states are maintained for all 0 ⩽ τ ⩽ 1.
Numerical integration
We integrate the differential equations (2.8)-(2.10) using a fourth-order Runge-Kutta method [37] . Since population densities lay in the interval 0 ⩽ x(s) ⩽ 1, to avoid numerical errors due to small values of x(s) we have rewritten the equations in terms of the variables y(s) = log
, where
We have used an integration time-step Δt = 0.1, and run the integration method until the maximum difference between x(s, t) and x(s, t + 100) is smaller than 10 . The procedure we implement for each value of τ that interpolates between the initial and the final landscape goes as follows. We start off from the fitness landscape F 0 and solve the equation starting from a uniform initial condition until an equilibrium is reached. We then increase τ by a small amount and solve again the equations, taking the equilibrium population vector previously obtained as the initial condition for this new fitness landscape F τ , until we reach a new equilibrium vector. We iterate until the final landscape F 1 is reached.
Model parameters
Cultural vectors with n = 6 traits will be used in our simulations. They correspond to 64 different cultural 'states', numbered from 0 to 63 according to the decimal expression of their binary representation (e.g. 5 = 000101, 37 = 100101). We assume that in 99.9% of the cases changes come about royalsocietypublishing.org/journal/rsos R. Soc. open sci. 7: 191813 through transmission, and in the remaining 0.1% they occur through spontaneous changes (i.e. λ = 0.999, μ = 0.001). Different levels of epistasis are tested by varying k and f th . The parameter β is varied as well. Unless otherwise stated we set α = 0, meaning absence of homophily.
Similarity measure
For vectors x with components x(s), s ∈ {0, 1} n , we introduce a measure of similarity that takes into account not only how different two vectors are but also the Hamming distance between their most prominent components. This is achieved through the inner product
Similarity is then computed as
By construction, sim(x, y) 4 1, and the largest similarity is achieved when x = y. Also if x(s), y(s) ⩾ 0 for all s ∈ {0, 1} n then sim(x, y) 5 0, and 0 is achieved when only one component of both vectors is non-zero, say Along this process we monitor the similarity between the initial and current population vectors sim(x 0 , x t ). For this and all other cases that we will discuss, sim(F t , F tÀDt ) % 1 all along 0 ⩽ τ ⩽ 1, meaning that changes in the landscape are barely noticeable. Still, changes in populations are important and qualitatively different depending on epistasis, as figure 2 illustrates. If epistasis is absent (figure 2a), the population vector undergoes a big change as τ ranges from 0 to 1, meaning that the bulk of the population has changed location in the cultural landscape, reaching a final state different from the initial one. However, the curve depicted is smooth, implying that the cultural change is continuous. By contrast, even the mildest amount of epistasis may induce abrupt changes in the population in response to weak changes in the environment. For landscapes with k = 1 and f th = 0, the similarity of the population vectors can undergo discontinuous changes such as those plotted in figure 2b . The introduction of incompatibilities in the form f th > 0 can be interpreted as an extreme form of epistasis (analogous to synthetic lethality in genomics [38] ), where two traits, non-lethal by themselves, cannot be combined into a viable state. As figure 2c shows, also this form of epistasis leads to discontinuities in the cultural states under mild environmental changes. These two forms of epistasis differ in their origin, since increases in k map into increased roughness of the landscape, while a threshold f th > 0 reflects the level of tolerance to cognitive dissonance. Still, they affect in similar ways the topology of the fitness landscape by increasing the heterogeneity of contacts between cultural states and causing bottlenecks to movements in the fitness landscape, either in the form of fitness valleys or of narrow pathways, in both cases to avoid fitness losses.
In figure 3 we show the configuration space {0, 1} n as a network, where each node represents one cultural vector (out of 64) and whose links connect nodes at Hamming distance 1 (nearest neighbours, differing in one cultural trait). As the fitness landscape changes, the node with the largest value of fitness may gradually change. Two examples, corresponding to landscapes in figure 2a ,b are shown.
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They illustrate smooth and discontinuous changes in the cultural state of the population, both under mild environmental changes, when epistasis is absent or present, respectively. In this representation, the sudden transition in figure 2c is qualitatively analogous to that shown in figure 3b. In the latter case, it is of interest to note that, initially, the population does not sit at the best possible cultural state, and, in spite of that, it is very resilient to respond to environmental changes. Eventually, however, a minor change drives the population to the global maximum in a dramatic paradigm shift (five out of the six cultural traits change to their opposite values). This section illustrates our first and main result: according to the model just introduced, paradigm shifts occur only if there is epistasis between cultural traits or, in other words, when they influence each other-so that the presence of one trait enhances or hinders the presence of another one. For the shift to emerge there is no need to add any new trait or to induce any drastic change of any kind.
Paradigm shifts are irreversible
The discontinuous nature of paradigm shifts has the effect that, once the shift has occurred, the old paradigm cannot be restored even if the environmental change that has produced the new paradigm is reversed. In the context of dynamical systems, this behaviour is known as hysteresis, and it has been shown to occur in similar models describing sudden shifts in genomic spaces [20] . In order to illustrate this effect in cultural transitions, we have driven the system by increasing τ-as described at the beginning of §3.1-and, once the paradigm shift has taken place, we drive the system back by decreasing τ down to values that it had before the transition. Figure 4 depicts the result of this process for a landscape without epistasis (k = 0) and for a landscape with epistasis (k = 1). The difference is remarkable. While the evolution in the landscape without epistasis is fully reversible (forward and backward curves are indistinguishable), the epistatic landscape induces an irreversible paradigm shift: upon decreasing τ past the tipping point the population remains in the new paradigm. We have to push τ way down this value in order to recover the old paradigm-through another abrupt paradigm shift.
Equilibria depend on the initial condition
The hysteresis observed around paradigm shifts indicates that equilibria in this model (stable cultural states) depend on the initial conditions, at least when the landscape is epistatic. This is not surprising given the nonlinear nature of the evolution equations, and is consistent with the intuitive idea that the current cultural state of a population somehow anchors its future evolution. However, the model differs in this respect from standard mutation-selection models which possess unique equilibria for any fitness landscape [20] . Figure 5 illustrates this effect: two close initial conditions, in which the population is distributed between two nodes (4 and 26) with slightly different proportions, end up in two very different equilibria (one with the population concentrated at 4 and the other one concentrated at 26).
Tolerance to cognitive dissonances hinders drastic paradigm shifts
Parameter β tunes how resistant individuals are to adopt traits that increase the inconsistency of their cultural state. The lower β, the more inconsistencies they tolerate. All results shown so far have been obtained with β = 1. For this reference value, populations are rather focused on one or very few different cultural states. This is an indication that individuals are very reluctant to adopting inconsistent traits. If we lower this parameter, say to β = 0.1 (figure 6), the cultural heterogeneity of the population changes. Populations are more evenly spread over the network and they adapt more easily in response to environmental changes. This has at least two consequences: they are more susceptible to paradigm shifts (which happen for smaller values of τ), and the corresponding discontinuous jumps are smaller. Conversely, populations which are more homogeneous (corresponding to a higher β) are more resistant to environmental changes; however, paradigm shifts are more abrupt when they occur.
Homophily has no qualitative effect on paradigm shifts
Homophily is considered an important mechanism for cultural spreading [31, 35] . It is the basis of the dynamics of well-established models, like Axelrod's [31] . In spite of that, it does not seem to have any influence on the occurrence of paradigm shifts, according to our simulations. We have introduced the effect of homophily in the probability that a trait is adopted through the exponent α in function (2.6). This function gauges the Hamming distance (common traits) of the most influential people. For a given α, this distance is d H (s, s 0 ) = n/(1 + α). Thus, for α = 0 (the value adopted so far) W(s, s 0 ) measures the probability that the trait in discussion is different in both individuals, regardless of the similarity between their cultural states. Accordingly, the most influential people are the most dissimilar ones because in an interaction, the fewer the traits the interacting individuals agree upon, the higher the probability that one of them is 'discussed' and a change ensues. If we set α = 1, function W(s, s 0 ) is also proportional to the number of common traits of the two interacting individuals. This renders people with half the traits in common the most influential ones. Larger values of α strengthen this effect, so that when α = n − 1 (that is α = 5 in our case) the most influential individuals are those with just a single different trait. Figure 7 shows similarity curves for a population evolving in the landscape of figure 2b, for three values of α (=0, 1 and 5). Despite the different behaviour of the similarity curves all three exhibit abrupt paradigm shifts-if only for slightly larger values of τ when α > 0.
Discussion and conclusion
Human history exhibits long periods of cultural stasis punctuated by sudden changes that drastically transformed the prevailing paradigm. Many of these paradigm shifts were driven by major environmental or cognitive changes [9, 39] , or by crucial inventions that transformed the way humans obtained resources from the environment or made profit to improve well-being [11, 12] . Nonetheless there are historical transitions that are more difficult to explain in these terms. For instance, it is not at all clear which critical breakthroughs underlie the transition from the Middle Ages to the Renaissance with which we introduced this article. In these cases, the paradigm shift seems better described as a change in Our model is an attempt to explain paradigm shifts as an interplay between maintaining a coherent cultural state and coping with an environment that smoothly but unavoidably changes. Its main result is to reveal that changes are sudden and abrupt only if cultural epistasis is taken into account. Cultural and biological evolution share many common ideas and mechanisms, even though they also differ in many details. However, epistasis seems to be as relevant in cultural as it is in biological evolution [40] . The existence of correlations among traits create cultural states whose internal coherence is maximal with respect to changes in single traits. These cultural states represent equilibria of the dynamics that result from a complex interplay between fitness, landscape topology and population dynamics, such that they cannot be ascribed to any of the previous variables alone. A population 'trapped' in such coherent states will have it difficult to evolve unless the interaction between traits changes as a consequence of exogenous, imperceptible causes. But then a cascade of trait changes can lead to a new, more coherent cultural state. This is the microscopic description that our model provides of a paradigm shift. The same mechanism might apply to sudden transitions observed in other systems where major causes cannot be adduced. For example, it could be argued that correlations in the microscopic features defining language evolution [22, 41, 42] may translate into languages evolving through punctuational bursts [43] or be responsible for occasionally fast linguistic evolution, as the coming of age of the English language at the beginning of the nineteenth century [44] . The model is deliberately simple because it is proposed as a proof of concept. To begin with, it assumes an infinite population, a common and reasonable assumption when studying the evolution of individual traits [16] . However, the number of cultural states diverges exponentially with the number of traits (even for six traits this number is 64), so that a population must be really huge for its fractions x(s) to be meaningful. Otherwise, demographic noise becomes relevant and the model requires either a stochastic treatment or agent-based simulations. The model is a mean-field model that assumes well-mixed populations. An extension of the model could explicitly introduce space, limiting the interaction between individuals to close neighbours. In general, space-explicit representations lead to longer transients of higher diversity due to the appearance of local clustering. This is an interesting (but computationally highly costly) avenue to explore the emergence of metastable states, multi-stability and hysteresis. Another simplifying assumption is that cultural transmission is only horizontal. So far all individuals are contemporaries and never reproduce. Also their learning rate is constant in time and uniform in the population. We have added a small fraction of spontaneous changes in the trait of an individual to the model, mainly to avoid the disappearance of cultural states. We have checked that if the ratio between spontaneous change and transmission increases above~1%, transmission becomes irrelevant and the population simply reflects the fitness landscape. We are not aware of any empirical data regarding those rates that can corroborate our choice but, intuitively, it looks, if anything, like an overestimation of the true rate. Finally, we have used one of the simplest models that contain epistasis to recreate the fitness landscape. Being more precise in the choice of fitness would amount to specifying what the cultural traits are (a complex endeavour in itself [45] ) and figuring out a model that described how they interact with each other.
In spite of all these assumptions, the occurrence of drastic paradigm shifts appears to be very robust to the particulars of the model. To be precise, paradigm shifts appear regardless of the way epistasis is introduced (either through the NK landscape parameters or through trait incompatibility), of the consideration of homophily, and even of the degree of cognitive dissonance that incompatible traits may bring about to the individuals. To keep the simulations computationally tractable, we have restricted them to a low number of traits n, but have explored values of k up to n − 1. Changing the values of k does not entail any qualitative change. In its turn, larger values of n or the study of finite populations could probably increase the frequency and sharpness of the shifts, as it has been shown to occur in models of molecular evolution [20, 21] . These results notwithstanding, all these modifications entail measurable quantitative changes.
An interesting prediction of the model is that the end state depends on the initial state, so that different populations, exposed to the same environment, may give rise to different cultures. This result stems from the nature of cultural transmission: the likelihood that two individuals with different cultural states meet depends on the fraction of population in each state. This entails frequency-dependent selection (compare e.g. with the model of [20] for molecular evolution) and, as it happens in analogous processes in biology (e.g. if recombination is considered) the equilibrium state is not unique [46] . In such systems, irreversibility is common. Indeed, once a paradigm shift happens, it cannot be reverted by simply restoring the external conditions back to their primitive values. It is very difficult to illustrate this effect with real-life situations or historical events, mainly because other mechanisms may be at play simultaneously. However, this could be one of the predictions that might allow an empirical validation of our model. Though figuring out an experiment that can directly test the assumptions of the model seems hard (guessing a fitness landscape from the interactions between different traits looks, at this point, hopeless), devising a situation in which some external influence is first changed and later restored, and measuring how this affects the emergent state in a population looks feasible. For example, it has been shown that minority groups can initiate social change dynamics and lead to the emergence of new social conventions [47] . The influence of minority groups could be easily reversed in that environment. If the backwards pathway to the previous convention differs from its forward realization, this might provide an indirect test of the model predictions, and give support to the sensible expectation of irreversibility of cultural paradigm shifts.
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